RNA interference screening identified XPO1 (exportin 1) among the 55 most vulnerable targets in multiple myeloma (MM). XPO1 encodes CRM1, a nuclear export protein. XPO1 expression increases with MM disease progression. Patients with MM have a higher expression of XPO1 compared with normal plasma cells (Po0.04) and to patients with monoclonal gammopathy of undetermined significance/smoldering MM (Po0.0001). The highest XPO1 level was found in human MM cell lines (HMCLs). A selective inhibitor of nuclear export compound KPT-276 specifically and irreversibly inhibits the nuclear export function of XPO1. The viability of 12 HMCLs treated with KTP-276 was significantly reduced. KPT-276 also actively induced apoptosis in primary MM patient samples. In gene expression analyses, two genes of probable relevance were dysregulated by KPT-276: cell division cycle 25 homolog A (CDC25A) and bromodomain-containing protein 4 (BRD4), both of which are associated with c-MYC pathway. Western blotting and reverse transcription-PCR confirm that c-MYC, CDC25A and BRD4 are all downregulated after treatment with KPT-276. KPT-276 reduced monoclonal spikes in the Vk*MYC transgenic MM mouse model, and inhibited tumor growth in a xenograft MM mouse model. A phase I clinical trial of an analog of KPT-276 is ongoing in hematological malignancies including MM.
INTRODUCTION
Multiple myeloma (MM) is a bone marrow-based multifocal plasma cell neoplasm causing severe organ damage including bone lesions, anemia and renal failure. It is encouraging that the development of novel drugs in recent years has led to major improvements in survival, 1 especially for younger patients. 2 Nevertheless, MM patients relapse after initial therapy and gain drug resistance. Therefore, there is an ongoing need for drugs that target novel pathways to move MM from a chronic to curable disease.
We have performed a genome-scale RNA interference (RNAi) lethality study in MM cells using 13 984 small interfering RNA to functionally identify critical molecular vulnerabilities without regard to preconceived mechanistic notions. 3 Of the 55 most lethal genes identified, functional testing in HMCLs and non-MM cell lines indicated that proteasome subunits (A1, A3, A4, A6, C3, C4 and C5), MCL1, RRM1, USP8, TNK2, CKAP5, IK, KIF11, WBSCR22 and XPO1 are selectively vulnerable in myeloma. 3 Proteasome inhibitors have been developed and are commonly used in the clinic, 4 however, drugs that target the other potentially interesting therapeutic targets are not yet available.
Exportin 1 (XPO1) encodes CRM1 (chromosome maintenance region 1), a nuclear export protein that transports over 200 proteins with a canonical nuclear export sequence through the nuclear pore to the cytoplasm. 5 CRM1 is the sole exporter of many tumor-suppressor proteins (TSPs), 6 and functions as a protooncogene by transporting these tumor suppressors from the nucleus, where they are active, to the cytoplasm, where their activity is abrogated. 7 By inhibiting CRM1 function, TSPs are retained in the nucleus and remain functional, thus potentially subverting loss of function. 7 CRM1 expression increases in tumor versus normal cells in osteosarcoma, 8 pancreatic 9 and ovarian cancers, 10 gliomas, 11 mantle cell lymphoma 12 and MM. 13 CRM1 over expression is associated with poor prognosis and a decrease in overall survival. In this light, inhibitors have been synthesized to inhibit the CRM1 nuclear export pathway that is manipulated by cancer cells to promote proliferation and survival. The first CRM1 inhibitor, leptomycin B, showed potent CRM1 inhibition at nanomolar concentrations, 6 however, it had no partial response and was toxic in a phase I clinical trial.
14 Leptomycin B derivatives have been synthesized, and these compounds inhibit CRM1 at low concentration, without the toxicity observed with leptomycin B.
6 CBS9106, a novel CRM1 inhibitor, decreased MM cell growth, induced cell cycle arrest at G1 and inhibited tumor growth in a xenograft model. 15 Ratajone C, another novel compound, sensitized MM cells to topoisomerase II inhibitors such as doxorubicin and VP16 in vitro, however, it has yet to be tested in vivo. 16 Although CRM1 inhibitors have had promising pre-clinical results in MM, these inhibitors are not currently in clinical trials.
A new class of small-molecule inhibitors, selective inhibitors of nuclear export (SINEs), has been designed to target CRM1. SINE compounds are specific, irreversible covalent inhibitors of CRM1. SINE compounds have shown anti-tumor activity in various malignancies, 7, 12, 13, [17] [18] [19] [20] [21] showing the importance of the CRM1 nuclear export function in promoting cancer cell survival. In hematological malignancies, SINE compounds increase 1 apoptosis, 12, 13, [17] [18] [19] decrease proliferation, 7, 12, 18, 19 cause G1 cell cycle arrest in vitro, 12, [17] [18] [19] inhibit tumor growth 12, 13, 17, 18 and increase survival in xenograft models. 7, 13, [17] [18] [19] KPT-276, a SINE compound, is a small-molecule inhibitor of XPO1 and its gene product CRM1. KPT-276 has good bioavailability and pharmacokinetics. Because we have shown that XPO1 is a vulnerable target in MM, we tested the activity of KPT-276 against HMCL, patient samples and two mouse models of myeloma. Our results show that KPT-276 is an active anti-MM drug and reduces MM cell viability, causes cell cycle arrest, increases apoptosis in CD138 þ cells from MM patients and inhibits disease progression in in vitro and in vivo models. Furthermore, pharmacodynamic analysis identifies regulators of c-MYC as potential downstream effect mediators.
MATERIALS AND METHODS

Cell lines and primary samples
Twelve human myeloma cell lines (KMS11, KMS12PE, KMS18, OPM1, OPM2, H929, JJN3, U266, RPMI-8226, SKMM2, OCI-MY5 and MM1.S) were maintained in RPMI supplemented with 5% fetal bovine serum, 1 mM glutamate and 1% penicillin/streptomycin. Primary cells from myeloma patients were obtained with approval from the Mayo Clinic Institutional Review Board and in accordance with the Declaration of Helsinki. Primary cells were also maintained in RPMI supplemented with 10% fetal bovine serum, 1 mM glutamate and 1% penicillin/streptomycin.
Cell lines were plated in 96-well microplates, at a final concentration of 2 Â 10 5 cells/ml in 50 ml culture medium. Dimethyl sulfoxide (DMSO) vehicle and KPT-276 was diluted in culture medium without antibiotics, and 50 ml of drug solution or vehicle was added to each well. MM cells were treated with concentrations ranging from 15.625 nM to 1000 nM. Cells were also treated with KPT-276 in combination with bortezomib, dexamethasone, melphalan (data not shown) or JQ1 to investigate synergy. MTT (Sigma-Aldrich, St Louis, MO, USA) was added to cells after 72 h of drug treatment, at 10 ml/well, and incubated at 37 1C. After 4 h, cells were lysed and absorbance was read at 490 nm using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA). IC50 and combination index values were calculated using CalcuSyn software (Biosoft, Cambridge, UK).
Cell cycle analysis MM1.S cells were incubated with DMSO vehicle or various doses of KPT-276 for 24 h. Cells were washed with PBS and re-suspended in propidium iodide staining solution (1% sodium citrate, 50 mg/ml propidium iodide, 0.01% NP40 and 0.01 mg/ml RNaseA) for 15 min. Stained cells were measured on a BD Biosciences Fortessa cell analyzer (BD Biosciences, San Jose, CA, USA), and the final results were analyzed using FloJo software (Tree Star Inc., Ashland, OR, USA).
Apoptosis assay
MM bone marrow samples were obtained from MM patients with Mayo Clinic Institutional Review Board approval. Cells were treated with ACK lysis buffer to eliminate red blood cells. Unsorted whole bone marrow samples were cultured in RPMI supplemented with 10% fetal bovine serum and 1 mM glutamate. To obtain purified plasma cell samples, CD138 þ populations were acquired with anti-CD138 antibodies on a StemCell Technologies Robocept (STEMCELL Technologies Inc., Vancouver, BC, Canada) cell sorter. CD138 þ -sorted samples were also cultured in RPMI with 10% serum and 1 mM glutamate. Primary MM cells treated with DMSO vehicle or KPT-276 for 48 h, then were harvested and washed with PBS and re-suspended in Annexin V staining buffer. Cells were stained for 15 min with AnnexinV-Alexa Fluor 488 (Invitrogen) and CD138-PE (BD Biosciences) and analyzed on a Beckman Coulter CyAn flow cytometer. Flow cytometry data were further analyzed using FloJo software.
Immunoblotting CD138 þ cell pellets were obtained from the Mayo Clinic hematological malignancies biorepository. HMCL and CD138 þ cells were lysed using NP40 lysis buffer (Cell Signaling Technologies, Danvers, MA, USA). Protein concentrations were determined using BCA Protein Assay Kit (Thermo Scientific Pierce, Rockford, IL, USA) following manufacturer's instructions. Lysates were prepared by adding 3 Â loading buffer and DTT, and run on 10% SDS-polyacrylamide gel electrophoresis. Proteins were transferred to Immobilon PVDF membrane (EMD Millipore, Billerica, MA, USA) and probed with primary antibodies against CRM1 (Sigma Aldrich), c-Myc (Santa Cruz Biotechnology, Dallas, TX, USA), b-actin (Cell Signaling Technology), Cdc25A (EMD Millipore) and bromodomain-containing protein 4 (BRD4; Santa Cruz Biotechnology). Blots were imaged using Western Lightening Plus-ECL chemiluminescence solution (PerkinElmer, Waltham, MA, USA), and images were captured with the Kodak X-OMAT 2000A Processor, using Kodak BioMax MR Film (Eastman Kodak Company, Rochester, NY, USA).
Reverse transcription-PCR MM1.S and OCI-MY5 HMCLs were treated with an IC80 dose of KPT-276 and harvested at 6, 12, 24 and 48 h. RNA was extracted with the RNeasy Plus Mini Kit (Qiagen, Germantown, MD, USA) following the manufacturer's protocol. cDNA was produced using the QuantiTect Reverse Transcription Kit (Qiagen). Reverse transcription-PCR was carried out using probes for BRD4 (Applied Biosystems, Grand Island, NY, USA), with b-actin as a control (Applied Biosystems) on the 7900HT Fast Real-Time PCR System (Applied Biosystems). Assay was done in triplicate, and comparative C T was used to analyze the results.
Gene expression profiling
Public data sets were used for analyzing the XPO1 expression level in normal plasma cells and different stages of myeloma progression (GEO series GSE6477) and for stratifying patients in TC classes (MMRF portal, http://www.broadinstitute.org/mmgp/home).
Two of the most sensitive (MM.1S and OCI-MY5) and resistant HMCLs (RPMI-8226 and KMS12PE) were treated with an IC80 dose of KPT-276 or vehicle for 6 h, in culture medium without antibiotics. Cells were harvested, and RNA was extracted with the RNeasy Plus Mini Kit (Qiagen) following the manufacturer's protocol. Gene expression profiling was done by the Mayo Clinic genomics core, using Hg_U133A_2 microarray array (Affymetrix, Santa Clara, CA, USA). Intensity values were extracted using the MAS5.0 algorithm with default parameters, and gene expression profiling was further analyzed with GeneSpring GX software (Agilent Technologies, Santa Clara, CA, USA). The raw data were filtered on flags (present, marginal or absent expression), including all probes that show present or marginal expression in at least one sample, vehicle or drug -treated. Then, we filtered on differentially expressed genes comparing the vehicle to the drug-treated cell lines (42-fold change). Any genes that changed in both the resistant and sensitive cell lines were excluded from further analyses, only focusing on changes observed in the sensitive but not in the resistant cell lines.
Xenograft mouse model
Athymic NCr-nu/nu mice were injected with MM1.S cells suspended in Matrigel (BD Biosciences) in the posterior flank. Mice were observed and drug treatment was initiated once tumors were palpable and able to be measured. KPT-276 was dissolved in 0.6% (w/v) Pluronic F-68 (Spectrum Chemical Manufacturing Corporation, New Brunswick, NJ, USA) and 0.6% (w/v) PVP K-29/32 vehicle solution. Drug was administered by oral gavage, 3 days/week for 12 days. Treatment lapsed because mice lost weight. After 10 days mice regained weight and treatment resumed, following the same dosing regimen. Tumors were measured with a Calimax caliper (Swiss Precision, Garden Grove, CA, USA) on days drug was administered. Tumor measurements were recorded and tumor volume calculated.
Vk*MYC mouse model
For in-vivo administration, KPT-276 was formulated by dissolving it in a 0.6% (w/v) Pluronic F-68 and 0.6% (w/v) PVP K-29/32 vehicle solution. Vk*MYC mice were dosed by oral gavage at 150 mg/kg, 3 days/week for 3 weeks. Tail vein bleeds were conducted at baseline and after 2, 3 and 4 weeks of drug treatment for serum collection. Serum protein electrophoresis and densitometric analysis were performed to quantify reduction in the M-spike levels as previously indicated. 22 The anti-myeloma activity of KPT-276 was plotted alongside the activity of other myeloma treatments, graphed as a percent reduction of M-spike levels at day 0.
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RESULTS
RNAi and XPO1 specificity
We have previously published that XPO1/CRM1 was identified as one of the 55 most vulnerable targeting in MM, using high-throughput RNAi screening on 7622 druggable genes.
3
XPO1 knockdown proved lethal in three representative HMCLs (KMS11, RPMI-8226 and JJN3), but had no effect on human embryonic kidney (293) cells, or lung cancer (A549) cells, showing that XPO1 expression is critical for MM cell survival.
XPO1 expression Normal plasma cells, monoclonal gammopathy of undetermined significance and smoldering MM share the same levels of XPO1 expression, whereas significantly higher levels can be found in active disease ( Figure 1a) . Next, we divided the MM cases in molecular subgroups using the TC classification.
23 XPO1 expression showed the highest level in patients of subgroups 6p21 and 11q13, whereas the lowest expression level was found in 4q16 subgroup (Figure 1b) . Therefore, TC class can provide a useful marker to determine if KPT-276 will improve disease outcome. It follows that a patient in the 6p21 subgroup will have a better outcome after treatment with KPT-276 than a patient in the 4q16 subgroup. We also observed a XPO1 gene and protein expression is higher in HMCL than in MM patients (Figures 1c  and d) . This confirms that an increase in XPO1 expression leads to a significant increase in CRM1 expression.
KPT-276 reduces viability of HMCLs and primary patient cells in vitro
In order to test whether the XPO-1/CRM1 inhibitor KPT-276 had anti-MM activity, MTT assays were performed on a panel of 12 HMCLs. After 72 h of drug treatment, the viability of all HMCL decreased. Eleven of the twelve HMCLs treated achieved at least 50% reduction in viability at drug concentrations p1 uM, with a median IC50 value of approximately 160 nM (Figure 2a ). To investigate whether or not KPT-276 had synergy with commonly used therapeutics, we tested KPT-276 in parallel with bortezomib, melphalan and dexamethasone. No synergy was seen for any of the drug combinations (data not shown).
We also treated bone marrow cells obtained from MM patients. Results from two representative patients are shown in Figure 2b : the purified CD138 þ plasma cells treated with KPT-276 had an increased apoptotic cell population, as compared with DMSO vehicle. To test the specificity of KPT-276 for CD138 þ plasma cells, we also treated unsorted whole bone marrow samples with KPT-276. In a representative patient sample, the CD138 þ plasma cell population was reduced from 46% in the DMSO-treated sample to 17% in the KPT-276-treated sample. We observed an increase in apoptotic cells, from 17.8% in the DMSO-treated sample to 46.4% in the KPT-276-treated sample. Plasma cells lose CD138 þ status as they undergo apoptosis, which accounts for the increased population of AnnexinV-positive, CD138-negative cells in the KPT-276-treated sample. Therefore, increased apoptosis was observed for the CD138 þ cell population, whereas Figure 1 . XPO1 expression in myeloma data sets. XPO1 expression increases with disease progression, as shown in gene expression data sets from MM patients. XPO1 expression level is highest in myeloma as compared with normal plasma cells (PCs), monoclonal gammopathy of undetermined significance (MGUS) and smoldering myeloma (SMM) (a). XPO1 expression levels are also shown in relation to common mutations in MM. XPO1 expression is highest in 11q13 and 6p21 TC groups (b). XPO1 expression level is significantly higher in HMCL than in primary patient samples, as shown by gene (c) and protein level (d).
the CD138-negative viable cell population did not have a significantly increased population of apoptotic cells, indicating that KPT-276 is specific for CD138 þ tumor cells (Figure 2c ).
Gene expression profiling reveals targets of KPT-276 Gene expression profiling was performed to investigate which genes are affected by KPT-276 inhibition of CRM1. Two HMCLs most sensitive to KPT-276 (IC50 B15 nM), OCI-MY5 and MM1.S, were treated with an IC80 dose of KPT-276 for 6 h. MM1.S and OCI-MY5 showed 42-fold expression change between conditions in 292 and 338 genes, respectively. Eleven genes were differentially expressed (42-fold) in both HMCLs. Four genes, PRMT2, POGZ, SMARCC2 and C1orf53, were upregulated in both cell lines when treated with KPT-276 as compared with the DMSO vehicle. The remaining seven genes, FARSB, CDC25A, C4orf43, ZNF326, BXDC2, TPMT and RDH10 were downregulated in both cell lines when treated with KPT-276 as Figure 2 . KPT-276 has anti-myeloma activity in vitro. Twelve HMCL were treated with vehicle or KPT-276 in nanomolar concentrations, and after 72 h cell viability was reduced in most cell lines by at least 50% (a). Bone marrow cells obtained from myeloma patients were also treated with KPT-276 for 48 h, and drug-treated cells stained positive for AnnexinV, as compared with vehicle control. CD138 þ plasma cells stained positive for AnnexinV in both sorted CD138 þ (b) and unsorted whole bone marrow (c). FITC, fluorescein isothiocyanate. Table 1) . Although only reaching significance in one of the two cell lines, we were also struck by the appearance of BRD4 as downregulated in both treated cell lines.
KPT-276 treatment causes a reduction of c-Myc, CDC25A and BRD4 levels in vitro To validate the genes that were downregulated as shown by expression profiling, a time course experiment was performed to demonstrate that CDC25A, c-MYC and BRD4 levels are reduced upon KPT-276 treatment. c-Myc protein levels are decreased at 12 h post-KPT-276 treatment (Figure 3a) . CDC25A protein levels also began to decrease approximately 12 h after initiation of drug treatment, which is expected as CDC25A transcription is twofold downregulated after 6 h of KPT-276 treatment (Figure 3a ). BRD4 expression is also reduced following KPT-276 exposure, starting at 6 h post-administration (Figure 3a) . BRD4 gene expression begins to decrease at 6 h post-treatment, and continues to decrease as shown by reverse transcription-PCR (Figure 3b ). Although P-values are significant in MM1.S, BRD4 downregulation was validated in both MM1.S and OCI-MY5 by decreased protein expression.
KPT-276 is synergistic with BRD4 inhibitor JQ1 Because BRD4 was downregulated in response to KPT-276 in two cell lines, we investigated the effect of KPT-276 in combination with JQ1, a novel BRD4 small-molecule inhibitor. JQ1 has been shown to be toxic to HMCL as a single agent due to its inhibition of c-MYC (Delmore, et al. 24 ). Three cell lines most resistant to KPT-276 and were treated with a combination of KPT-276 and JQ1, and a decrease in viability was observed at concentrations lower than treatment with KPT-276 alone (Figures 4a-c) . Synergy was observed with JQ1 in all three cell lines, as indicated by combination index values (Table 2) .
KPT-276 induces cell cycle arrest To further explore the influence of BRD4 and CDC25A, inhibition of which has been shown to cause G1/S phase cell cycle arrest, we next analyzed MM cells treated with KPT-276 for cell cycle arrest ( Figure 5 ). Myeloma cells arrest in G1 in the drug-treated samples (Figures 5b-d) versus the DMSO-treated sample (Figure 5a ). In cells treated with DMSO vehicle, 31% of cells were in G1, whereas cells treated with KPT-276 exhibited a higher population of cells (45-55%) in G1 phase. KPT-276-treated cells also had a reduced population in S phase (7-8.5%) compared with cells treated with DMSO, which had 21.5% of cells in S phase.
KPT-276 reduces disease progression in two mouse models of myeloma In a xenograft MM1.S MM model, the tumor volume significantly decreased after treatment with KPT-276. However, after 12 days, mice started losing weight and treatment had to be stopped. Treatment was suspended for 10 days, and the tumors re-grew. Despite the lapse in treatment, tumors were again responsive to re-initiation of therapy after the 10-day lapse (Figure 6a) . Because of the possible association with c-MYC, the anti-MM activity of KPT-276 was demonstrated on the clinically predictive VK*MYC transgenic mouse model of MM. 22 Compared with the serum M-spike levels at day 0, the M-spike levels of all treated mice decreased following KPT-276 treatment. Over 3 weeks of treatment, the M-spike was reduced by an average of 57% compared with day 0 levels, showing regression of the disease (Figure 6b ). Treatment was stopped after 3 weeks because of significant weight loss. KPT-276 activity in the VK*MYC mouse was compared with the effect of other compounds in reducing M-spike levels. The anti-myeloma activity of KPT-276 in this mouse model after 2 weeks of treatment is comparable to melphalan and carfilzomib (Figure 6c ). DISCUSSION XPO1 has been identified as a top myeloma survival gene. Out of 6722 druggable genes, XPO1 was 1 of 55 genes essential to MM cell viability.
3 XPO1 knockdown proved to be lethal in three HMCLs, but had no effect on human embryonic kidney (293) cells or lung cancer (A549) cells. 3 Therefore, XPO1 is a vulnerable target in MM, and myeloma cell survival is dependent upon XPO1 expression. A recent publication has demonstrated that CRM1 knockdown by small hairpin RNA also decreases HMCL growth, survival and viability. 13 We have shown that XPO1 expression correlates with disease progression; XPO1 expression in monoclonal gammopathy of undetermined significance and smoldering myeloma was comparable to expression in normal plasma cells, and increased when the disease progressed to MM. Until recently, no known drugs were available that specifically targeted XPO1.
A new class of SINE compounds has been developed to target XPO1, specifically its nuclear export function mediated by CRM1. When XPO1 function is inhibited, TSPs are retained and accumulate in the nucleus where they remain active. 7 We show here that KPT-276, a novel SINE compound, is an active anti-MM compound in vitro. HMCL responded to KPT-276 treatment, with at least 50% reduction in viability at sub-micromolar concentrations. KPT-276 also drives MM patient CD138 þ cells to apoptosis but normal CD138-negative cells are relatively unaffected, indicating that KPT-276 is relatively specific for MM cells. In our hands, no synergy was observed with KPT-276 in combination with dexamethasone, melphalan or bortezomib, in four HMCL tested. Despite the lack of synergy, our findings confirm the anti-MM activity of KPT-276, and also suggest that XPO1 is a valid target for small-molecule therapies.
In terms of pharmacodynamic markers, others have shown that KPT-276 increases total and nuclear p53 expression in HMCL. 25 SINE treatment also induces a reduction of cell cycle protein expression, including cyclin E, cyclin D1, CDK2, CDK4 and CDK6. 26 KPT-185 and KPT-330, SINE analogs, decreased HMCL growth and survival, regardless of p53 status. 13 These SINEs also induced apoptosis and nuclear accumulation of p53, IkB, p27 and p21. 13 Figure 4. KPT-276 is synergistic in combination with JQ1. Cells were treated with KPT-276 in combination with JQ1, both at nanomolar concentrations, for 72 h, then analyzed by MTT assay. HMCL viability was reduced at a greater rate in response to KPT-276 and JQ1 in combination, compared with treatment with either drug alone (a-c). (interleukin 6), VEGF (vascular endothelial growth factor), MIP1b (chemokine (C-C motif) ligand 4) and IL-10 from bone marrow stromal cells. 13 SINE compounds also reduced growth and survival of HMCL and primary cells in the presence of bone marrow stromal cells or osteoclasts. 13 In addition to retaining TSP function and causing tumor cell apoptosis, SINE compounds also inhibited osteoclast formation and bone reabsorption via inhibition of nuclear factor-kB and activation of the signaling cascade in osteoclast precursors. 13 The SINE compounds have shown successful inhibition of MM in vitro via inhibition of not only cell cycle proteins, but also genes known to be critical to MM oncogenesis. In our hands, we found KPT-276 to target additional genes that have important roles in MM.
Our data revealed that KPT-276 downregulates two c-Mycrelated genes, CDC25A and BRD4. We have found that KPT-276 downregulates c-Myc itself, and recently published data corroborate this finding. 13 MYC is a transcription factor that is often activated in MM, and activation of the MYC pathway drives tumor cell proliferation and survival. 27 MYC activation is a common genetic event in myeloma patients, and MYC activation is associated with poor prognosis and shorter survival. 28 Because MYC activation is implicated in MM progression and impacts patient survival, a drug that targets MYC and related genes is a potentially important therapy.
CDC25A, a MYC-related gene, is a tyrosine phosphatase that regulates G1/S phase progression by removing the inhibitory phosphate group on CDK2 at its catalytic subunit. 29 In the rapidresponse DNA repair pathway, CDC25A is ubiquitinated and degraded, and cells are arrested in G1 phase. 29 CDC25A has three specific MYC-binding sites, and its transcription is dependent upon MYC.
30 When c-Myc expression is increased, CDC25A expression is also increased four-to fivefold. 30 MYC overexpression usually occurs as a consequence of chromosomal rearrangements in latestage myeloma. 31 Because c-MYC regulates the level of CDC25A, aberrant c-MYC overexpression leads to increased CDC25A expression. It appears that KPT-276 downregulates c-MYC, and subsequently CDC25A. A decrease in CDC25A transcription could restore the rapid-response checkpoint, with cells arrested in G1. CDC25A gene and protein levels were decreased upon KPT-276 treatment, and G1 cell cycle arrest was observed in HMCL.
BRD4, another gene downregulated in response to KPT-276, encodes a bromodomain that binds acetylated chromatin and regulates cell cycle, DNA replication and transcription. 32 BRD4 expression is positively correlated with MM disease progression, and it is amplified often in MM patient samples.
24 BRD4 is another cell cycle gene that has been linked to c-Myc activity in MM. BRD4 binds to acetyl-lysine pockets at the IgH enhancer region on the MYC locus, and promotes transcription and activation of MYC downstream targets. 24 It has been recently shown that BRD4 downregulation by the small-molecule inhibitor JQ1 causes decreased MYC transcription, and a reduction of c-MYC protein levels, 24 and we were able to replicate this data using KPT-276 that lowers BRD4 expression. Furthermore, BRD4 knockdown causes cells to arrest in G1 phase and enter apoptosis. 33 The G1 arrest observed by knockdown of BRD4 was also observed in response to KPT-276 treatment in HMCL. Gene expression shows that a number of cell cycle genes, including CCND1, CCND2, ORCL2, MCM2, DHFR, TOP2A, PCNA-DNA, CHAF1A, HMGB1, AND1, RNABP1, POP1, NID1, NSH2 and PMS2, are all downregulated in response to BRD4 knockdown. 33 Thus, by lowering BRD4 levels, KPT-276 may alter MM viability via MYC downregulation and/or lowering cyclin D levels. KPT-276 toxicity was increased when used in combination with JQ1, indicating that the effect of BRD4 inhibition by KPT-276 is further amplified by another BRD4 inhibitor. In conclusion, XPO1 inhibition via KPT-276 has promising anti-MM activity in vitro, as it reduces cell viability, induces apoptosis, causes G1 cell cycle arrest and downregulates genes implicated in MM oncogenesis.
KPT-276 inhibition of XPO1 in vivo also showed potent activity in two MM mouse models. In MM1.S xenograft tumors, tumor volume decreased by 40% within 12 days of treatment, whereas tumor volume increased by 36% in the vehicle-treated cohort. Because of substantial weight loss in the drug-treated mice, we had to suspend drug administration after 12 days. All mice recovered within 10 days and significant tumor growth was generally observed in this time. However, tumors rapidly responded to re-exposure to the drug, with a significant reduction in tumor volume in the drug-treated mice. Others have shown that KPT-276 causes cleavage of caspase 3 and increase in Annexin V-positive tumor cells, and inhibits tumor growth and increases survival in an MM1Sluc xenograft model. 13 KPT SINEs also reduced bone lesions in vivo.
13
KPT-276 was also active in the Vk*MYC mouse model of MM, which has a positive predictive value of 67% for the activity of single-agent compounds in clinical trials. 22 The Vk*MYC mouse is genetically engineered to replicate the MYC locus rearrangements that activate MYC and cause monoclonal gammopathy of undetermined significance to progress to MM. 22 These mice mimic human indolent disease, with anemia, renal and bone disease, and an M-spike that is detectable by serum protein electrophoresis. 22 After 2 weeks, KPT-276 reduced the M-spike by an average of 52%, which is comparable to the anti-MM activity of melphalan and carfilzomib, two of the most potent FDA-approved drugs used in the clinic.
In summary, KPT-276 is an active anti-MM drug that causes decreased cell viability, increased apoptosis and cell cycle arrest in vitro in HMCL and patient samples, and is active in inhibiting myeloma tumor load in two mouse models. Cells treated with the compound show reduced levels of MYC, BRD4 and CDC25A, all cell cycle genes that are implicated in oncogenesis. A phase I clinical trial of a closely related SINE compound, KPT-330, is underway and promises to be of significant interest (Clinical Trials NCT01607892).
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